Introduction
Hadronization -the evolution of a hard quark or gluon into a jet of hadrons -is a non-perturbative QCD process for which currently only phenomenological treatments are available. Figure 1 depicts the main three stages of hadron formation of light-quark mesons in the simplest environment of e + e − collisions. First, the colliding beams annihilate and proceed through a virtual γ or Z o which decays into the "primary" quark pair ( 0 0) -a process calculable by electro-weak theory. The next step is the fairly well understood high Q 2 regime where these energetic quark and anti-quark fly apart. The behavior of the stretched color tube (string) between them and their subsequent hard gluon radiation is calculable to a fairly high level of accuracy by perturbative QCD and leading log techniques and have been implemented in several numerical simulations, most successfully by Webber [1] and Lund [2, 3] .
We use the implementation in Lund's JETSET [2] program as input to our modeling of the next stage.
The last and, for us, most important major step of development (shown in Fig. 1 for light primary quarks) follows the process in which the primary quarks ( 0 0) fly apart and stretch a narrow color field between them. The transition from this state to hadrons ("hadronization") is the focus of our study. By its nature, the soft process of hadronization, which develops as time evolves (upward on the page in Fig. 1 ), is not calculable via perturbative expansions because of the large value of the strong coupling at the very small momentum transfers in this stage. Therefore phenomenological models have been constructed to describe the process; most notably the cluster model of Webber [4] and the string model of Lund [5] − implemented by the Monte Carlo programs HERWIG [1] and JETSET [2, 3] , respectively -as well as our own. Our implementation follows the Lund JETSET "outside-in iterative approach" in which the stretched color field between and Historically, there are two distinct important roles which these models can play, with different objectives and criteria for evaluating their efficacy. One role is to give as accurate a description of the relevant data as possible, using as many parameters as are needed and where each parameter preferably 3 has some plausible physical basis. Such models are useful, e.g. for, detector builders who need to design devices with a particular response or data analyzers who must know the acceptance of their detector to calculate particle rates, distributions, and correlations, etc. Programs of this variety, such as Lund's JETSET, have been quite successful. However, the many parameters involved tend to obscure the question of whether their physical bases are close to the mechanisms actually controlling the process. The center-piece of the Lund model is the derivation of the well known Lund Symmetric Fragmentation Function ("LSFF") [5] , which is derived for massless (light) quarks in 1+1 dimensions and is given by 
This function describes the probability density for producing a hadron with mass m h taking a fraction z of the light-cone momentum (p + =E + p), where z is defined below and a & b are arbitrary parameters arising naturally from the Lund approach. However, this function appears not to be appropriate for heavy quarks and therefore other fragmentation functions are used in the Lund implementation to describe them.
The other role, typified by UCLA's modeling, has the goal of making a persuasive case of identifying a dominant physical principle which controls the process. The measure of success in this approach is a combination of (a) the simplicity and attractiveness of the presumed underlying physical principle, (b) the smallness of the arbitrary parameter space, and (c) the quality of the agreement with the data.
The central thesis of our model is that of a Space-Time Area Law ("STAL") approach -suggested by both soft strong-coupled QCD [6, 7] and relativistic string models [8, 9] via a Least Action Principleas the single dominant physical principle controlling the hadronization process. That is, whereas there may be other physical mechanisms involved (e.g., such as the tunneling-motivated s/u or wavefunction-motivated vector/all in Lund's model), our study suggests that they are at most secondary phenomena which would create relatively small corrections ≤ 20% to the rates predicted for various flavored hadrons by our STAL-based model.
Our earlier results [10] showed that the STAL approach worked persuasively for light quark mesons containing u, d, and s quarks. In this paper we extend our work to rates and energy/momentum distributions of charm and bottom mesons, including L=1 states. Again, the comparisons are rather persuasive for the proposition that the effects of STAL dominate the results.
4
2 UCLA scheme for light and heavy quarks
As described in detail in our earlier publication [10] , the Space-Time Area Law (STAL) approach simply means that the probability of occurrence of an event is proportional to the negative exponential of the area in space-time swept out by the event -that is, exp(-b′A plane ), where an example of A plane is the 1+1 dimensional area shown in Fig. 1 for light quarks.
Light quark treatment
We have discussed [10] how the STAL assumption combined with the conservation of energymomentum led to an event weight function, and using an iterative procedure -where one hadron at a time is pealed off from the end of an event -we arrived at the following fragmentation function [10] for light primary quarks in 1+1 dimensions:
where a xt is the hatched area in Fig. 1 
where C is the Clebsch-Gordan coefficient to combine the flavor and spin of the quark and anti-quark into the hadron; N is a spatial "Knitting Factor" ~(2.7 fm) 2 , presumed approximately the same for all hadrons, to knit the quark and antiquark into the hadron's spatial wave function; S is E c.m 2 ; z is the light-cone momentum fraction defined for all quark masses by If one takes seriously the STAL approach and the use within it of classical motions for heavy primary quarks in a linear potential, then the light quark UCFF of (2) must be modified so that a xt is replaced by A xt , and as a consequence UCFF of (3) must be modified such that z is replaced by a new variable "z eff " in the exponent. There have been approximate calculations of A xt and thereby of z eff [10, 11] .
Heavy quark treatment
Since the values of A xt and/or of z eff are very important to a proper STAL treatment and they are somewhat sensitive to small approximations, an exact calculation of A xt has been performed by one of us (1) -but due to the rather long derivation the details will be published elsewhere. Here we sketch some useful steps in the derivation and present the final expressions for A xt and z eff .
Consider the relativistic string model [5, 8, 9 ] of a boundpair (yoyo system). The statements that a linear potential exist, leading to a constant tension κ which in turn leads to the equation of motion for each quark in the pair, are κ ± = dx dE κ ± = dt dp (5) It is generally favorable to work with light-cone variables in xt and momentum spaces, defined by
Starting with (5) and using these variables, we can show that the space-time and momentum-energy areas as well as the light-cone momentum fraction variable z are Lorentz invariant.
For heavy primary quarks the area of interest is -the hatched area of Fig. 2 Fig. 2(b) . Shown in the same figure, once 
This is a hyperbola describing the world-line of in the boosted frame and passing through x = t = 0.
We can describe the motion of (8) where the second term is small, since is a small factor given by
The dominant first term of expression (8) agrees with that of Bowler [11] , and the second term is an 
This expression -the UCLA fragmentation function "UCFF" for all hadrons -is the analog of (2), where a xt is replaced by A xt in the exponent.
Based on A xt , we can now define a new variable (z eff ) as an analog to the z variable, which leads to a heavy quark analog of UCFF of (3). Expression (3) can be recast from (10) 
comparing the exponent with that of (10) (11) is very nearly unity, one may conclude that LSFF is a special case of our more general UCFF function, differing mainly by the presence of a modified variable z eff (instead of z) in the exponent. While for light mesons z eff ≈ z, for B-mesons <z eff > ≈ 5<z>, almost independent of S. The rates and distributions for B-mesons differ significantly from data if one uses z rather than z eff (equivalent to setting µ = 0 in z eff ). We will show that the z eff expression, derived from STAL for hyperbolic quark world-lines in 1+1 dimensions, leads to satisfactory predictions of rates and energy distributions of heavy mesons in a natural way without having to interject any ad hoc procedure or parameters. This is unlike other current models where light and heavy quarks are treated separately.
We note that the UCFF as derived in (10) and (11) hadron with no additional free parameters (whereas, for example, the production rate suppressions in the current Lund model are not due to hadrons mass, but occur via several presumed effects depending on variables such as secondary quark or di-quark masses or on whether the particle is a vector or of other types, with several adjustable parameters to control these effects.)
Analysis
Our methods of analysis are explained here and applied to light mesons (containing u, d, and s quarks), charmed mesons, and bottom mesons. For each sector, we examine the extent to which the STALbased assumption holds.
Fitting and comparing with data
As described in [10] , our six significant parameters are Λ and Q o which control the parton shower, a and b in the fragmentation function, n which controls p T distributions, and η which controls the suppression of multiple meson structures between a baryon-antibaryon pair. Recent data and our exact expression for z eff given by (12) have led to a slight retuning of the UCFF parameters a and b in our overall comparisons to the data. Compared to the values given in our earlier publication [10] , the value of a was modified to 1.75 from 1.65, while b was changed to 1.10 from 1.18 (see [10] for a detailed description of the tuning process). Data, for this purpose, are mostly updated from the Particle Data
Group ("PDG") tables [12] , except for orbitally excited D s ** states at 91 GeV [13] and 10 GeV [14] .
Estimated uncertainties in the decay branching fractions from higher mass states have been introduced in quadrature into the uncertainties for the data rates. 
Criterion for a satisfactory agreement
Since our central thesis is that all physical mechanisms (e.g., s/u, V/all, etc) other than STAL control ≤ 20% of the various observed rates, a prediction deviating by more than 20% from data may signal a competing mechanism for STAL, unless it is due to statistical fluctuations. However if this difference measures more than two standard deviations, statistical fluctuations are the unlikely cause. Based on this argument we build an important analysis procedure; i.e., we interpret a prediction which is within 20% or two standard deviations of the datum as representing a satisfactory agreement, whereas a prediction which deviates from the datum by more than 20% and 2.0 standard deviations signals a potentially interesting effect. The latter is an indication of other processes that are large and potentially violate our assumption that STAL is the dominant underlying mechanism. The former is the criterion for confirming that STAL is in fact the dominant effect that controls hadronization and that any deviations are most likely statistical fluctuations. In the following three sections we apply this important criterion and examine each of the quark sectors in depth for any violations from our STAL assumption.
Light quark sector
Fractional rate deviations (δ), defined by (Mc-Data)/Data, are calculated for all mesons at the three c.m. energies of 91, 29, and 10 GeV. Since there are no apparent significant dependences of these deviations on c.m energy (see Fig. 3 ), these three results are further combined by the usual weighted average method and the outcome is used throughout our analysis via our "criteria for satisfactory agreements". GeV, we predict the dashed curve which is consistent with high x E data but deviates from data at low x E . This deviation is consistent with the lack of gluon splitting in our model. The solid curve is our prediction including the hard gluon splitting contribution as determined by the ALEPH collaboration [16, 17] ; this agrees well with data at all x E . The average x E value from this curve (0.387) compares quite well with the ALEPH datum [16] of 0.391±007.
ALEPH has separately calculated the rates in the hadronic, b-enriched (Z → b → c), and c-enriched (Z → c) channels for some of the charmed mesons, including D * , D s * [16] , and orbitally excited narrow charged states of D s1 * and D s2 [13] . The rates, in terms of the probability that these mesons materialize in each channel × 100, are compared with our predictions in Table 1 . In the c-enriched channel we have satisfactory agreements for all cases although the data relative uncertainties are very low (only few % higher than those of the total rates). In all other cases we have satisfactory agreements as well. Since data in Table 1 are all within two standard deviations from model predictions, they all comply with our criterion for a satisfactory agreement and no further examination of them is required. In the c-enriched sample ALEPH measures [16] an average scaled energy of <x E > c = 0.4878 ± 0.0076 for D *± , which is 1.5σ lower than our prediction of 0.4993.
Based on the above comparisons, the available charmed meson data are compatible with the assumption that STAL is the dominant underlying principle for hadronization.
Bottom sector
Ideally, the success of the STAL-based model using z eff is best tested with B-mesons since the quark mass effect contribution to the z eff variable is maximal. In Fig. 8 , we examine the data further through our criterion for a satisfactory agreement. This shows that all available B-mesons are in the satisfactory region. In addition, Table 2 indicates good agreement between data and the model for B, B s , and B * , and fairly good for B ** mesons.
ALEPH [18] and SLD [19] have measured the x E spectra of inclusive weakly decaying B ± hadrons.
These data are compared in Fig. 9 (a) with our predictions. Unfortunately, here our model depends on the decays of higher mass hadrons with poorly known masses and branching fractions. Shown in Fig.   9 (b), ALEPH [18] has also given an x E distribution for "primary" B ± hadrons, i.e. those that are not decay products of higher mass states. In this case, our model prediction is less ambiguous, but potentially uncertain model dependence is involved in the data analysis.
As expected, in both cases the predicted spectra for m b =0 (dashed curves) are much harder than the data. The m b =4.5 GeV mass value gives much softer spectra (solid curves) that come close to agreement with data but do not quite reproduce the shape in detail. For Fig. 9 (a) (the spectra of inclusive weakly decaying B ± mesons), our model predicts an average x E of 0.712, about 0.5σ smaller than the ALEPH value of 0.716±0.008, and 0.6 σ larger than SLD value of 0.709±0.005.
Although, the b-sector potentially offers a very effective test of the STAL assumption, unfortunately the experimental situation is rather less favorable than for charm: data errors are generally large and usable rate data are only measured at one c.m. energy for two particles and two additional categories of B * and B ** which are sums over higher spin states; comparisons of spectra, in one way or another, involve model dependencies. Furthermore, several inputs to the model such as b-baryon masses are unmeasured or poorly known. These experimental issues may explain the status of the B ± spectra of 13 Fig. 9 . Given these considerations, the b-sector data currently seems to be consistent with the idea that STAL is the dominant underlying principle.
Discussions
Two important issues -the mass of the heavy quarks and possible other non-STAL based contributionsdeserve further discussions. Below we study these issues.
Heavy quark masses
In the b-meson sector we have used a mass value of 4.5 GeV for the b-quark. This value is adopted because we observe that our model predictions for the rates and spectra of B-mesons are sensitive to the b-quark mass, and the model seems to favor this value when m b is varied. However, due to the experimental inadequacies surrounding the b-hadron data, this value may not be highly optimized. ) rate predictions with data [12] and compared the mean fractional energy predictions (<x E >) for weakly decaying and/or for leading B ± meson with that of ALEPH [18] and SLD [19] data. Figure 10 Fig. 7 deviates somewhat significantly from data, reasonable c-quark mass variations do not seem to alter the rates or x E spectra noticeably. We thus adopt the common value of 1.25 GeV for the c-quark mass.
Possible other significant factors and higher order effects
In addition to our STAL-based modeling − which appears to control most of the observed production rates for the various flavored mesons − there are other possible physical mechanisms which could influence production rates and spectra such as: suppression parameters (e.g. s/u or vector/all which are employed in the Lund model), incorporating scalar and tensor states, better b-hadron production data, and inclusion of secondary heavy quark production.
There are cases of particular interest:
1.
If one examines the model-data comparisons for any indication of a vector/all type of suppression, one finds that there is no need for such suppression. That is, in our model, which uses masses via STAL and Clebsch-Gordon coefficients to control production rates, there is no need to use any factor for the ratio of vector to pseudoscalar production other than the natural 3/1 ratio arising from the counting of final states.
2.
The situation for strange versus non-strange production is more interesting:
a) The pseudoscalar η is under-predicted by ~20% (3.7 standard deviations). It is also suggestive that the η′ might be under-predicted by a similar percentage.
b) The vector ϕ is over-predicted by ~25-30% (~2.1 sigma).
c) The pseudoscalar non-strange D ± and D o are over-predicted by ~20% (~2.0 sigma) whereas the D s is under-predicted by ~30% (1.6 sigma).
3.
The situation for the L= 1 B ** set of states in the b-sector also requires attention. Our model under-predicted the B ** rate by ~1.8 standard deviations and ~36% (but it passes our criterion for a satisfactory agreement). The predicted energy spectra for the charged B-meson follow the data moderately well, but some discrepancy is observed. In the b-sector we argued -based on several experimental inadequacies -that the source of the effect may be data related. 
Statistical analysis of STAL
In the previous section we saw some cases emerge as candidates for study for possible interesting higher order effects beyond STAL. Here we estimate the scale of the sum of all such possible effects as follows: For the 53 total production rate data points (in three energies) and with six significant parameters (a, b, two parameters controlling the parton shower, P t , and baryon production), we have a chi-squared (χ 2 ) of 79, for 53−6 = 47 degrees of freedom (DOF) − a χ 2 /DOF of ~1.7. We incrementally add additional Gaussian uncertainties in quadrature to each data point in our model until a χ 2 /DOF of 1.0 is obtained. This added uncertainty is ~20%. We interpret this 20% value as an estimate of the scale of the cumulative effect of all possible second order phenomena, if any.
Baryons
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Similar to our conclusion in reference [10] , Fig. 11 shows a reasonable match when ALEPH data spectra [15] for p and Λ are compared with predictions of our model. However, examining the available baryon data [12] versus our rate predictions, the entries in the two dimensional plot of Fig. 12 show only four (p, Λ, ∆ ++ , Σ o ) of the nine baryon entries in the satisfactory region, whereas five (Σ ± , Ξ -,
, Ω -) violate our criterion for a satisfactory agreement. The current model [10] , includes one free parameter to control multiple meson production between a baryon-antibaryon pair. However, baryons are 3-quark states requiring a more complicated mechanism than is shown in Fig. 1 . Some of these complex issues, such as di-quark production and flavor chaining arrangements involving intermediate "popcorn" meson production between baryon and antibaryon, are considered and discussed in our earlier publication [10] . Given such complexities, our comparisons here are encouraging, but challenging. Precise data on baryon-antibaryon and baryon-meson correlations and direct evidence of multiple meson structures ("popcorn") between baryon and antibaryon pair would be very useful toward better understanding the mechanisms of baryon formation.
Conclusions
Existing hadronization models have placed emphasis on accurate reproduction of data by Monte Carlo programs. The output accuracy of such models is typically controlled by adjusting many parameters, each presumed to be justifiable by some physics explanation and having roughly comparable significance in terms of controlling the production rates. By contrast, our model has placed emphasis on identifying a single suitable underlying principle with a very small set of ~6 parameters. By adopting a QCD-inspired Space-Time Area Law (STAL) as our single underlying principle, we have been able to persuasively describe all available data on meson production rates and spectra in e There is more to be done on several fronts. Larger discrepancies were found in the baryon sector. More complex baryon models could be introduced, but they require additional data on baryon-antibaryon and baryon-meson correlations as well as direct evidence of intermediate meson structures ("popcorn") between baryon and antibaryon. The spectroscopy of excited bottom states must advance in order to develop this area. Our discrepancy in the inclusive B-meson spectrum may be due to bottom baryons and excited mesons. Accurate measurements of charmed and bottom baryons would be especially useful. We anticipate that the eventual resolution of the above issues through high statistics, high quality data such as at Babar and Belle will reveal further information about hadron formation dynamics. 
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The data rates per hadronic event for the displayed mesons range from 0.044 for ϕ, to 17 for π ± -a range factor of ~400. (a)
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